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Abstract: We report on the illustration of the first electron blocking layer (EBL) free AlInN 
nanowire light-emitting diodes (LEDs) operating in the deep ultraviolet (DUV) wavelength 
region (sub-250 nm). We have systematically analyzed the results using APSYS software and 
compared with simulated AlGaN nanowire DUV LEDs. From the simulation results, 
significant efficiency droop was observed in AlGaN based devices, attributed to the 
significant electron leakage. However, compared to AlGaN nanowire DUV LEDs at similar 
emission wavelength, the proposed single quantum well (SQW) AlInN based light-emitters 
offer higher internal quantum efficiency without droop up to current density of 1500 A/cm2 
and high output optical power. Moreover, we find that transverse magnetic polarized emission 
is ~ 5 orders stronger than transverse electric polarized emission at 238 nm wavelength. 
Further research shows that the performance of the AlInN DUV nanowire LEDs decreases 
with multiple QWs in the active region due to the presence of the non-uniform carrier 
distribution in the active region. This study provides important insights on the design of new 
type of high performance AlInN nanowire DUV LEDs, by replacing currently used AlGaN 
semiconductors.  
 
   
1. Introduction  
 
The efficient deep ultraviolet light-emitting diodes (DUV LEDs) especially operating at sub-
250 nm wavelength draw high demand in the market because of its wide range of applications 
such as water/air/surface disinfection [1, 2], biochemical/gas sensing [3], phototherapy [4]. 
Numerous efforts have been made to use AlGaN material for high efficiency DUV LEDs due 
to its wide bandgap optical tuning from ~ 200-365 nm. However, the performance of AlGaN 
DUV LEDs was fundamentally limited by the large dislocation density, the non-radiative 
recombination, the extremely inefficient p-type doping [5], low internal quantum efficiency 
(IQE), and low light extraction efficiency (LEE) [6-8]. Because of these limitations, AlGaN 
DUV LEDs have been suffering from low external quantum efficiency (EQE) and very less 
output optical power. Researchers also observe that the EQE is dramatically decreasing when 
devices are operating at sub-250nm wavelength[9-11]. For instance, the EQE of the AlGaN 
LEDs operating at 326 nm, 287 nm, 242 nm is recorded as 2.65%[12], 2.8%[13], and 
0.012%[11] respectively. Currently, the recorded output optical power is only around 100 
nW[14] for 240 nm emission wavelength, which is extremely insufficient for practical 
applications. The local piezoelectric field exist in the multiple quantum well (MQW) of 
AlGaN LEDs is responsible for the band tilting, resulting to spatial separation of electrons and 
holes (quantum confined stark effect, QCSE) which deteriorates the carrier radiative 
recombination. These phenomena lower the IQE of the LEDs[15, 16]. The IQE was improved 
to an extent by using nanowire[17, 18] and nanopillar[19] AlGaN LED structures, but QCSE 
was not suppressed completely. In addition, piezoelectric polarization and high mobility of the 
electrons in the LEDs lead to electron leakage into the p-type region and it is suppressed with 
the integration of electron blocking layer (EBL)[20-23]. On the other hand, if it is not well-
designed, the EBL causes poor hole injection into the active region[24-26] . Furthermore, the 
LEE of the DUV LED devices is limited due to the switching of UV polarization from 
transverse electric (TE) to transverse magnetic (TM) in the DUV regime[6, 27-30].  
In order to make progress in achieving high performance DUV emitters, it is critical 
to identify and develop the potential of alternative UV light-emitting materials. Although 
AlxIn(1-x)N holds high potential optical tunability in UV and visible regions, it has not been 
widely studied to develop UV LEDs. Recent studies have demonstrated that AlInN material 
provides a significant optical gain for DUV LEDs[31]. The replacement of the traditional 
AlGaN/GaN MQW with AlInN/GaN MQW can eliminate the defects, QCSE and strain in the 
UV LED[32]. Moreover, AlInN compounds can be grown on both GaN, AlN templates but 
growing of AlGaN compounds is inimical to be grown on GaN template[33].  Integration of 
AlInN as a cladding layer in InGaN/GaN MQW LED provided good carrier confinement 
without severe strain problem[34]. AlInN can be the alternative material for power electronic 
applications due its high-power figure of merit (FOM) which is more than GaN and can  
compete with AlGaN[35] and high-performance high electron mobility transistors (HEMTs) 
were demonstrated[36, 37]. In this context, we propose a novel EBL-free AlInN nanowire 
structure for the DUV LEDs operating at sub-250 nm wavelengths. The device structure, 
which contains a 200 nm thick n-GaN nanowire template, a 100 nm thick n-AlxIn(1-x)N, 
AlxIn(1-x)N/ AlyIn(1-y)N/ AlxIn(1-x)N (3 nm quantum barrier (QB)/ 3 nm QW/ 3 nm QB), a 100 
nm thick p-AlxIn(1-x)N and a 10 nm thick p-GaN. The values of x and y are presented in the 
Table 1.  
 
2. Results 
 
In this work, each nanowire is considered as one LED. The schematic of the proposed 
structure is shown in Fig. 1(a). The simulated emission spectra of AlInN nanowire UV LEDs 
at room temperature is shown in Fig. 1(b). It is clearly understood that these devices can emit 
light in the UV A, B, and C regions. Figure 1(c) presents the emitted peak wavelength vs Al 
content (y) in the QW, which is persistent with the theoretical calculations. We have further 
investigated the performance of both AlInN and AlGaN based nanowire DUV LEDs and 
compared the simulated results. As a part of this investigation, it is necessary to know the role 
of the integration of EBL in DUV LEDs. We have analyzed two types of DUV LEDs that 
include EBL and EBL-free AlGaN nanowire LED structures. Those LEDs emit light at 320 
nm and 238 nm wavelengths and the obtained results are carefully analyzed. In these 
simulations, 10 nm thick p-doped Al0.57In0.43N and Al0.98In0.2N layers are considered as EBLs 
in the 320 nm and 238 nm LEDs. Figure 2(a) shows the IQE of the LEDs that emit light at 
320nm wavelength. It is seen that the integration of the EBL improves the IQE which 
enhances the performance of the LED. In this context, the optimized EBL can prevent the 
electron overf
negligible at t
EBL, consum
electrons from
Figure 2(d) sh
worsens the I
utilization of 
shown in Fig.
can be unders
EBL-free LED
nanowire stru
 
The 
emission wav
AlInN with S
wavelength L
the AlGaN LE
suffering from
with the inje
understood fr
droop attribut
Fig.
nm t
low from the 
his emission w
ption of the h
 the active reg
ows the IQE 
QE which det
the EBL is r
 2(f). As a res
tood from Fi
s are desirabl
ctures offer a p
EBL-free AlIn
elength. For 
QW in their a
EDs are shown
Ds is increas
 IQE droop th
cted current i
om Fig. 3(a). 
ed to the enha
(b) 
 1. (a) Schematic 
o 331 nm wavelen
active region o
avelength and
oles in the p
ion that enhan
of the 238 nm
eriorates the p
esponsible for
ult, the electro
g. 2(e), which
e in the DUV 
erfect approac
N and AlGaN
this analysis, 
ctive regions a
 in Fig. 3. Fig
ing with numb
us decreases th
n the AlGaN
Besides, AlInN
nced device p
diagram of the AlI
gths. (c) Emissio
(a)
f the LED, th
 is illustrated
-doping regio
ces the hole i
 wavelength L
erformance of
 poor hole inj
n overflow in
 is similar to 
region. In this
h to overcome
 nanowire D
AlGaN LEDs
re considered
ure 3(a) show
er of QWs in
e device perfo
 nanowire DU
 nanowire L
erformance. T
nN UV LED. (b) 
n peak wavelength
us electrons o
in Fig. 2(b). I
n is reduced 
njection and is
EDs and the 
 the LED. In 
ection into th
creases from 
recent reporte
 regard, we d
 such aforeme
UV LEDs are
 with SQW, 
. The results o
s the IQE of th
 the active reg
rmance. The I
V LEDs an
EDs with SQW
he electron l
Multiple peak em
 vs Al content in 
n-GaN
n-AlInN
Si
p-GaN
p-AlInN
i-AlInN 
i-AlInN 
i-AlInN 
verflow becom
n the case of L
due to blockin
 presented in 
integration of
the DUV wav
e active regio
the active regi
d studies[25]
emonstrated th
ntioned proble
 simulated at
3QWs and 5Q
f the 238 nm 
ose LEDs. Th
ion but the de
QE droop is i
d this trend i
 shows no e
eakage from t
(c)
issions varied fro
AlInN active regio
QB
QW 
QB 
e almost 
ED with 
g of the 
Fig. 2(c). 
 the EBL 
elengths, 
n and is 
on and it 
.  Hence, 
at AlInN 
m.  
 
 238 nm  
Ws and 
emission 
e IQE of 
vices are 
ncreasing 
s clearly 
fficiency 
he active 
m 230 
n. 
region plays 
decreasing wi
significant am
observed even
nanowire LED
These phenom
responsible fo
(a) 
(b) 
(c) 
Fig. 2. S
current d
waveleng
dominant role
th number of 
ount of the ele
 in the AlGa
s with SQW 
ena can be un
r the high rad
imulated (a, d) In
ensity of with/wi
ths. 
 in the IQE 
QWs in the a
ctron leakage 
N nanowire L
have almost n
derstood from
iative recomb
@320 nm 
@320 nm 
@320 nm
ternal quantum e
thout EBL AlGa
droop and the
ctive region o
can be 
EDs with 3 
egligible elec
 Fig. 3(b). Th
ination thus it
(d)
(e
(f
 
fficiency (IQE), (
N nanowire UV 
 electron leak
f AlGaN nan
and 5 QWs. 
tron leakage 
e droop free 
 leads to obta
)
)
@238 nm
@238 nm
@238 nm
b, e) Electron cu
LEDs at 320 nm
age current d
owire LEDs. H
In contrary, th
from the activ
IQE of AlInN
in more outpu
 
 
rrent density, (c, 
 and 238 nm e
ensity is 
owever, 
 
e AlInN 
e region. 
 LEDs is 
t optical 
f) Hole
mission
power as com
Figure 3(d) sh
LEDs are sho
others due to 
more Al cont
presented in T
We h
simulating w
wavelength. F
that the SQW
carrier distrib
compared to M
concentration 
distribution ca
LEDs are pre
rates become 
QW which is 
(a) 
(c) 
Fig. 3. 
character
 
pared to othe
ows the I-V ch
wn in the inse
presence of hi
ent in the dev
able 1.  
ave further in
ith SQW, 3 
igure 4(a) sho
 LED shows 
ution in the M
QW LEDs an
of the SQW
n be understo
sented in Figs
very non-unifo
near to the p-
@
Simulated (a) Int
istics.  (d) I-V cha
r devices. Thi
aracteristics o
t figure. AlInN
gh resistance i
ice than other
vestigated the 
QWs and 5 
ws the IQE o
better IQE th
QW active re
d is illustrated
 and 5 QWs 
od from Fig. 
. 4(e) and 4(f
rm and domin
region[39, 40]
238 nm 
@238 nm 
ernal quantum ef
racteristics of AlG
s phenomenon
f AlInN LEDs
 LEDs have h
n the device w
devices at res
performance o
QWs in the 
f those AlInN
an MQW LE
gion[38]. Mor
 in Fig. 4(b). F
AlInN nanow
4(d). Radiativ
). In MQW LE
ant  radiative
. This arises d
(b
(d
ficiency. (b) Ele
aN and AlInN LE
 can be clear
 and the I-V ch
igher turn-on 
hich is gener
pective emiss
f the AlInN n
active region
 nanowire LE
D devices du
eover, it has h
igures 4(c) an
ire LEDs. Th
e recombinatio
D case, the r
recombination
ue to poor car
) 
) 
ctron leakage cu
Ds at 238 nm em
ly seen from 
aracteristics o
voltage as com
ated due to pr
ion wavelengt
anowire DUV 
 at 238 nm 
Ds. We have 
e to inhomog
igher output 
d 4(d) show t
e non-uniform
n phenomena
adiative recom
 can be observ
rier transport 
@238 n
rrent density. (c)
ission wavelength
@238 
Fig. 3(c). 
f AlGaN 
 
pared to 
esence of 
hs and is 
LEDs by 
emission 
observed 
eneity of 
power as 
he carrier 
 carrier 
 of these 
bination 
ed in the 
from one 
m 
 L-I
. 
nm 
QW to anot
9.25×1028/cm3
 
 
The total radia
less non-unifo
due to strong 
@238
@2
@2
(a) 
(c) 
(e) 
Fig. 4. S
3 QWs 
recombin
n-si
her. The cal
s, which is hig
tive recombin
rmity in their 
carrier confine
 nm 
38 nm 
38 nm 
imulated (a) Inter
and 5 QWs. Carr
ation of AlInN (e
de 
culated total 
her than 5 QW
ation of 5 QW
carrier distribu
ment with neg
nal quantum effic
ier concentration
) SQW LED. (f) 5
p-side 
radiative rec
s LED.  
s LED is 9.18
tion as compa
ligible electron
@
(d)
(f)
(b)
iency. (b) L-I char
 of AlInN (c) SQ
 QWs LED.at 238
n
ombination ra
×1028/cm3s. M
red to InGaN/
 leakage from
238 nm 
@238 nm 
@238 nm 
acteristics for AlI
W LED. (d) 5 Q
 nm emission wav
-side 
te of SQW 
QW AlInN LE
AlGaN device
 the active reg
nN LEDs with SQ
Ws LED. Radia
elength.   
p
LED is 
 
Ds have 
s[39, 40] 
ion. 
W, 
tive
-side 
  
@238
@2
(a) 
(c) 
Fig. 5.
QW in
(d) Car
of AlIn
 
(e) 
 nm 
@238 
38 nm 
 Simulated (a) E-B
 active region of 5
rier current densit
N SQW LED at 2
449 meV
nm 
 diagram of activ
 QWs AlGaN LED
y. (e) Spontaneou
38 nm emission w
 
(b) 
(d) 
e region of AlInN
 (5QWS are show
s emission rate (T
avelength. 
(f) 
 SQW LED. (b)
n in inset figure.
E/TM).  (f) TE sp
@238
236
@238 
@238
 E-B diagram of t
) (c) Recombinati
ontaneous emissi
 
 
 meV 
nm 
 nm 
he last
on rate
on rate
 
In order to better understand the mechanism of improvements in SQW AlInN 
nanowire LED at 238 nm emission wavelength, the energy band (E-B) diagram is 
investigated. Figure 5(a) shows the E-B diagram of active region of SQW AlInN nanowire 
LED. The last QW in active region of 5QWs AlGaN LED is shown in Fig. 5(b) and complete 
active region is presented in inset figure. It is clearly understood that there is an energy band 
bending at the interface of the last QB and the p-type region due to the polarization effect, 
which may increase the electron leakage from the active region into the p-type region. The 
effective potential height for electron in the conduction band for AlInN LED and AlGaN LED 
are 449 meV, 236 meV respectively and are shown in Figs. 5(a) and 5(b). As a result, AlGaN 
LED has less electrons in the QW and significant electron leakage into p-type region, which 
consumes holes in p-type region. Because of the lower carriers in the active region AlGaN 
LED has lower radiative recombination. On the other hand, AlInN LED has high effective 
potential height at the interface of the QB and the p-type region, which prevents the electron 
leakage and provides better carrier recombination in the active region. The carrier 
recombination of the AlInN LEDs is shown in Fig. 5(c). It is observed that the radiative 
recombination is the dominant mechanism which is ~2 orders more than that of SRH and 
Auger recombination. The best E-B structure and dominant radiative recombination of AlInN 
LEDs made the devices have almost negligible carrier current density outside of the active 
region, which can be observed from Fig. 5 (d). Thus, the proposed structure is a self EBL 
structure with no electron leakage into the p-type region. Here, we can able to almost block all 
the electrons in the active region without the help of the EBL, which enhances the hole 
injection efficiency in the active region[24, 25]. In addition, AlInN LEDs have almost 
negligible hole current density as well before the QW, which supports that most of the 
injected carriers are radiatively recombining. As a result, AlInN LEDs have high IQE without 
any droop.    
The polarization properties of the emission from AlInN UV nanowire LEDs at room 
temperature were also analyzed. The TM and TE polarized emissions are defined as the 
electric fields parallel (E//c) and perpendicular (Ec) to c-axis, respectively. The calculation 
was performed at injection current of 1500 A/cm2. Illustrated in Figs. 5(e) and 5(f), the UV 
light emission is predominantly TM polarized which is about ~ 5 orders stronger than that of 
TE polarized emission. Similar trend of polarization for LEDs using AlGaN in the same UV 
wavelength regime are also reported in other reports[41-44]. This result plays important role 
in the design of surface emitting UV LEDs using AlInN compounds to achieve high LEE. The 
LEE of the UV LEDs can be improved with surface plasmon[45] and modified surface 
structures[46].   
                                                                      
3. Discussions  
 
III-nitride LEDs suffer from inefficient carrier confinement in the active regions, leading to 
significant electron leakage. In this regard, the integration of an optimized EBL in the LED 
structure can mitigate this problem. However, the integration of the EBL in the LED not only 
blocks the electron leakage but also lowers the hole injection into the active region causing 
poor hole transport problem. In addition, the integration of EBL increases lattice mismatch, 
local electrical field and may allow electrons to escape from QW and spill over EBL[24]. 
Hence, the LED without EBL, with efficient carrier confinement capability, negligible carrier 
leakage from active region is the optimal choice. From the above results, it is evident that the 
AlInN nanowire LEDs are the optimal choice and potential alternative of AlGaN LEDs in the 
DUV light-emitter development. The main challenge with AlInN DUV LEDs is the high 
resistance which causes LEDs to have high turn on voltage. Further optimization in terms of 
device structure with lower resistance of the device and composition will be performed in 
order to achieve high power DUV light emission using AlInN nanowire structures. 
 
 
TABLE 1: Parameters of the 238 nm wavelength AlInN and AlGaN nanowire LEDs. 
 
Layer Thickness (nm) Al content in 
AlInN LED 
Al content in  
AlGaN LED 
n - GaN 200 - - 
n - AlxIn(1-x)N 100 0.975 0.91 
i - AlxIn(1-x)N 3 0.975 0.91 
i - AlyIn(1-y)N 3 0.95 0.84 
i - AlxIn(1-x)N 3 0.975 0.91 
p - AlxIn(1-x)N 100 0.975 0.91 
p - GaN 10 - - 
 
 
4. Summary  
 
We have successfully demonstrated the EBL free AlInN nanowire LEDs operating in the 
DUV region with negligible efficiency droop at room temperature. We have also observed 
that SQW AlInN DUV LEDs have better performance in terms of IQE and output optical 
power compared to other AlGaN based DUV LEDs. Additionally, the advantage of our 
proposed SQW AlInN device is also from the epitaxial growth of such SQW structure which 
is relatively simple to fabricate as compared to MQW LED structures in term of dislocation 
density and homogeneity of In distribution in the AlInN epilayers. The electron and hole 
overflows were not observed with these SQW AlInN DUV emitters. The devices exhibit 
stable emission with strong TM polarized emission. The device performance can be further 
improved by engineering the device structure. 
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